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A HALF-WAVE AUTO-TRANCFORMER MAGNETIC AMPLIRIER

Prepared by:
Edward T. Hooper

ABSTRACT: Herein is described & half-wave bridge
magnetic amplifier utilizing auto--transformation
directly on the reactor cores for supplying output
voltages in the order of line voltage or higher.
Other design considerationa applicable to all half-
wave bridge magnetic amplifiers are discussed.
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This is a report of circuitry developed in connection with
the 60 cycle magnetic control amplifier phase under broad
progyam NOL-Rela-78-2-53,
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A HALF-WAVE AUTO-TRANSFORMER MAGNETIC AMPLIFIER

INTRODUCTION

1. Magnetic amplifiere for servomechanisms and other control
devices often must possess rapid speed of response. The
minimization of the delay iu such magnetic amplifiers by the
uge of the hslf-wave circuii has been discussed by Messrs,
Lufcy, Schmid, and Bacrnhart+ of the Naval Ordnance Laboratory.
This and other advantages sirongly indicate the use of the
half-wave bridge circuit for certaln types of servo proble:mns,
The following discus3ion concerns itself with certain dssizn
considerations involved in the application of this basic Type
circuit,

2. The bridge circuit operating directly across the line
voltage cannot produce an output voltage much more than about
50% of line rms. One posaible solution to the problem of
higher output voltages when such are needed is herein suggested.
By this method, higher oi"tput voltages can be obtained without
the addition of an external transformer.

OUTPUT VOLTAGE IEVEL

3. The output voltsge of & half-wave bridge nagnetic ampii-
fler 18 & series of unidirectional pulses with a peiuk level
somewhat lower than line voltage. Thelr amplitude 1s deter-
mined by the relation of the amplifier's intermal lupedance

“to the load impedance. The maximum poasible ouiput, a complete

half -wave of voltage measured in rms volts, would be 0.707

of the rms value of a full glne wave with the same peak valuse,
This maximum vealue will be reduced by the internal drop in
the amplifier to some value, posslbly 70% of the maximum
possible, or about 4.5 of line voltage rms. As can be seen,
the conventional half-wave bridge magnetic amplifier is well

adapted to driving wmotors demanding less than line voltage,
such as the 24 volt and 57.5 vclt motors.

4, The occasion may srise, however, when it 1is necessary “o
drive & motor of full line voltage rating; at neariy full
rated Uorque while at the same time retaining the advantages
of the half-wave bridge circuit. Such & problem was assigned
to this Division recently. A 115 volt 2 phase motor was
required to drive a large frictional load consisting of two
Model A helipots at 8 gear ratio of 1:12 frum the motor. This
required elmost full rated output torque of the motor specified.
Other conslderations demanded the fast speed of response oif &
half-wave circuit. In the solution of this problem, a novel
circulit was deslipgned that provided the above features.
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5. Figure 1 wlll be recognized as the conventional hall-wave
bridge magnetic =smplifier employing, DC reference circuits.

When the ocutput voitage of this circuit is insufficlent to

meet the requiremeuntsy several possibllitles present themszlves.
First, the rms value of the output voltage can be increaged

by making the system full-wave, although it becomes extremely
difficult to obtain the one cycle speed of responee inherent

in the half-wave system. Also, use of full-wave circuitry
necessitatss the doubling in number of all aajor components,
i1.e., cores and rectifiers, and the subseguent increase in
amplifier obulk and weight. Another pcssibility ie to plisce =&
transformer across the line and operate the brildge at a higher
voltage level as shown in figure 2. A simplification of this
circult with the center tapped transformer supplying two legs
of the bridgz 1s shown in figure 3. This zpproach to the pro-
blem of supplying h%gher voltages 18 wldely used in conventional
full-wave circultry<., Both of these circulis, however, reguire
the addition of an external transformer, which 1s subject to
high losses in supplying half-wave current.

6. It is possible to supply the higher voltages required
without the additional transformer by the use of auto-trans-
formation directly cn the reactor cores. This zircuit is shown
in figure 4. With no signal, the cores are referenced tc fire
at some predetermined firing angle by the reference cirecuit

as in the conventional hzazlf-wave bridge. On the conducting

or saturating half-cycle, auto-transformation occurs before
the cores reach saturaticn. ter saturation, there 18 no
more transformation. but quiescent current flows down the sides
of the bridge. Under both conditions, however, the bridge
remains balanced. With a control signal the coreg are preset
during the control haif-cycle of the line voltage to fire at
different points on the conducting half-cycle. Again before
saturation of either core, the transformestion takes place 1in
both, but the bridge is balanced. When one core saturates
ahead of the other under signal conditions, the brildge 1s
unbalanced. Assume in figure 4 that core . has saturated
wiiile core 2 remalns unsaturated. Assume aisn that the satu-
rated impedance of core 1 hzs gcne to zerc. The circult then
hecomes the circuit of rigure 5(A). Winding No. 2 contributes
little due to the direction of the rectifiers except that the
polarity of voltage 1is such as to oppose current by-passing
the load through winding No. 2. The load is seen to be across
the line stepped-up by the auto-transformer of winding No. 1
as shown in rigure 5{(B). As in the conventicnal civcuilt, tae
bridge 18 rebalanced afiter core 2 saturates.

7. The advantage of this circult 18 evident. The output volt-
ages are of a higher level than thos< supplied by the half-wave
bridge operating directly off the line. It is possible by
using two such circults in 3 full-wave configuration to reach
and exceed line rms voltage. Cucves comparing tie output volt-
ages of these two types of half-wave bridge are shown in
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figure 6. The load in both cases was a 115 volt 2 phase
Diehl Motor, type FPE 25-53-2.

8. 1In addition to supplying higher output volcages without

the addition of an external transformer, the auto-tran=former
circuit has maintained the omne cycle speed of respourz inher-
ent in the half-wav: circuit. This is shown in figure 7 where
the lower trace 18 the half-wave rectified control current into
the stage and the upper trace is the half-wave output current
into a resistive load. Complete response is obtained in the
next halif-cycle after contrecl signal is applied.

9. Pigure 8 gives che detalls of construction of the haif-
wave auto-transformer bridge magnetic amplifier having the
gain curves shown in figure 6. The output voltage obtained

13 ac* aimply a function of the step-up turns ratio alone.
Other factors that determine this output vcoitage are the crward
inmpedance of the rectifiers and the DC resistance of the obridge
windings. The forward impedance of the rectiflers prevaents
full line voltagc appearing across the common windings of the
auto-transformer windings and thus reduces the atep-up. The
serieg windings needed for the auto-transformers alsc add
additional copper resistance tc the power windings and reduce
the actual output voltage. Varictions in gain and amplifier
s8ize are realizable by proper design. The following circuit
considerations pertinent tc the design of this amplifiler in
most cases apply to all half-wave bridge magnetic aaplifiers.

RECTIFIER REQUIREMENTS

10. The choice of rectifier plate size is dictated by the
current¢ lzvel in tne bridge. This ic simple enough and except
for the necesaslty of keeping forward impedance &t a minimum,
there is nc restriction on size except to maintain sufficient
£ves o prevent heating. It is generally advisable from 1ife
and packaging considerations to so rate the rectifiers that

at maxinum anticipated ambient temperature, the spot tempera-
tures of the rectifiers do not exceed the manufacturer's
maximum ratings.

1i. The gueation of the proper number of rectifier plates to
use 1ls more iunvolved. To choose the numher of plates neceosssary
to absorb 1line voltage i8 to ignore several important factors
at work in the magunetic amplifier. The first of these is the
fact that on the half-eycle when the rectifier blocks current
flow and the cores are unsaturated, the reference circuit
windings induce into the power windings voltages in opposition
to line voltage. This causes the core ilmpedance to appear high
and thus part of the line voltage appears on the cores instead
of on the reverse resistance of the rectifiers. The actual
measured reverse voltage on a rectifier may be £c low 23 to
warrant use of only one plate even when operating from a 115
volt 1lline. Thisz would seem to indicate a low number of recti-
fier plstes. However, an additional fact which must be

3

as




b s — —

I

NAVORD Report 2719

considered is the requirement thiat a high reverse resistance
be maintained to insure high gain. The jmpedance oifered to
the control ¢ lrcuilt during the contrcl half-cycle, 1if 1low,
tends to load the signel source down in its eflort to chans.
the flux in the core and reduces the gain. If the reversce
resistance of the rectifiers is lcw, this detrimental condition
results. The cores, however, are generally referenced to gone
predetermined point of firing by a current flow during the
control half-cycie. In order to accomplish this action with

a minimum of loading of the control circuii, the reference
winding turne are kept low so that impedances in the reference
circult when reflected into the control circuit by the square
of the turns ratio will appear high., 7To ailow the core to be
referenced by low reverse resistance in the rectifiers or by
shunted rectifiers 1s tc offectively use a reference winding
of the number Of turns of the power windings and thereby reflect
lew impedances into the control circuit. Hence, the choice of
the number of rectifier plates to be used is dictated by the
requirements c¢f malintaining a high enough reverse resistance
to achleve the desired galn wilthout raising the fcrward impe-
dance of the rectificrs to trke point where the power delivered
to the load 1s lowered.

CORE REQUIREMENTS

12, The reactor core acte 25 a varisble impedance possessing
high impedance in its unsaturatecd state and going to a low
impedance when saturation takes place. Control 18 exercised
during the noan-saturating half-cycle and output power is delivered
when the core goes into saturation. Iy reducing the internal
impedance of thﬁ amplifier, a higher zain 1s achieved. Although
this 1is beneficial for gain. it also results in higher quiescent
currents. These currents, with no signai, are conducted down
the sides of the bridge after the cores saturate, When the
internal or saturated limpedance of the amvliifier is reduced

to an extrem=1ly low value; the currente often reach the point
where the attendant heating in the cores is beyord the practical
limit. One apprcach to this problem has bhean the use of line
resistors. By placing a power resistor in the line circuit
feeding the bridge, the quiescent currents in the legs of the
bridge are reduced. However. the 1line resilstor does not greatly
affect the gain of the bridge. Before either corec fires, only
magnetizing currents flow in this resistor so there iz very
little voltage drop and almost full liune voltage appeérs on

the cores. Under signal conditious and after omne core fires,
the load current flows through this resistoer causing a drop

and reduvcing the voltage on tiie second core, The second core
Tires later than 1t would have without the line resistor, and

it can be shown that the average voltage across the load, and
thus the gain, is virtually unchanged. Use ¢f the line resis-
tor results in & distribution of heat between the cores and

the regizstor. In many cases cthis 1s an acceptable method of
controlling gquiescent currents. However, there are ocersions
when the total heat dissipation in the circuit is unallowabie.

N
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Also, mounting and packaging provlems arise from the use of
a power resistor of the wattage usually required.

13. In an effort to avoild the disadvantages of the line resis.
tors in controlling qulescent currents, another approach to

the problem has been investigated. An attempt was made (o
increase the inductive reactance of the cores by redesigniug
the core configwration and copper-iron ratic. This would
achleve restriction of guiescent current by a wattiess element.
It was found, however, that the rectengular core material®* used
had a saturated inductance very umall compared to the resistance
of the windings. The qulescent current was determined mainly
by the winding reaistance plus the forward resistance of ths
ractifiers. Quilescent currente then can be controliled by
proper selection of winding resistance, but as was mentiouned
before, an increase 1in winding resistance results in & loss

ir. gain,

14, For the actual determination of the windings to go on the
autc-transformer, it 1s best to begin with & conventicnal half-
wave bridge designed for operation from a 115 volt liine. This
represents the pover windings between the taps in figure 4 and
corresponding points on the opposite legs. To thie conventional
bridge are added the series windings necessary feor the desired
step-un. allowasuce being made for the loas of primsry voltage

in the forward resistance of the rectifiers. If the tcocts
winding resistance hzs nov risen to &n objecticnal value, the
circuit will now operate satisfactory. If the winding resistaice
has beenn lncreased too much by the addition of the series wind-
ings of the auto-transformer, adjustment can be made by increasing
the wire s1ze. Additional rectifler plates are necessary with
the auto-transformer 1in accordance with the discussion imn
paragraph 11,

15, It has been apparent that the variables of gein, maximum
voltage output, amplifier size and heating are interdependent.
Wwith the preceding considerations in mind, the typical amplifier
circuit of figure & may be amended to meet the desired
specifications.

* Orthonol 2

A s = - e ——— ——— - = 5 —_ —_— e e~ — =~ . - ——




TP TP SO SRYTO AR

Ry

Se

NAVORD Report 2719

REPERENCES

C. W. Lufey, A. E. Schmid, F. W. Barnhart, "An Improved
Magnetlic Servo Amplifier,” paper presznted at the AIFE
Summer Genersl Meeting, Minneapolis, Minnesoia, 1952.

W. A. Geyger. United States Patent 2,338,423, Apparatus
for Measuring Direct Currents or Voltages, Issued Jan. 4,
1944 (Applicaticn filed Dec. 1l#, 1939; German Priority
Dec. 14, 1938).

G. W. Elmen and E. A. Gaugler, "Special Magnetic Alloya
and Applications,” Electrical Engineering, Vol. 67,
pp. 843-845, September 1948, See also

E. A. Gaugler, United States Patent 2,559,468, Method
of Producing Grain Oriented Ferro-Magnetic Alloys, Issued
Oct. 2, 1951 {Application filed June 16, 1948),

()




NAVORD Report 2719

CONTROL

—/ 9000 \—1—0




S v

v AW T

NAVORD Report 2719

CONTROL

ORI
L_|

FIGURE 2



NAVORD Report 2719

CONTROL

CORE

LLOAD

T

AN

CORE

FIGURE 3




r,_____"_,____.,w_-_____

10

T B
?F LOAD E
S
CORE CORE
2 l
FIGURE 4




NAVOED Report 2719

| A, )

| CORE
'* 2
WINDING # |

CORE 2 .
WINDING # 2
LOAD
__{\/\/\__
: 1
Lo (A)

FIGURE 5

«



NAVORD Report 2719

80
g
(@)
. >
5. 2
53 = 60
£ 2
_ S =
o =
T, 40
o a
Fow
S
-
g ¢ .
"1 Z20—44

AUTOTRANSFORMER
BRIDGE =

CONVENTIONAL
BRIDGE =weew—--

3 2

NI ( PULSATING DC)

| 2

NI { PULSATING DCQC)

Cnl

R ¥
) l
205 | 1
(@)
> Z
o T
TORQUE | ___- = N
 ———— 40, 22
VOLTS & w
- )
s | (e ]
2 &
e @
TORQUE/ 60F 3-
——rC——_— B -
i T
voLrs | &8 9
l | 80
FIGURE 6

12



NAVORD Report 2719

FIGURE 7

13



NAVORD Report 2719

o CONTROL o

v

CORE GCGONSTRUCTION

TAPE WOUND TOROID
INS!2E CIAMETER 1"
OUTSIRE DIAMETER 2"
WIDTH 1

TAPE THICKNESS 0.002"
CORE AREA 1.4 CM2

FIGURE 8

14



]

e Lo’

Alag
1’A o

Me.
Mr.
e

N.
J.
We

A,

Bb.
Jo
Lo
B.

A,

NAVORD Report 2719

DISTRIBUTION .
(6o

Rex, Bulrd, Relf=3 .oecccocsocescocoviosccsocvooso
Smith, BuOrd, Re#a ...c..ce0c000c0vceosnsecrososncc
Miller, BuOrd, ReB8-5 ....ce0c000csccnnononccocns
Ensinger, Bulrd, Re8-2 .cceacncncsnescssscscssas

Powell' Buor‘d’ Re""b P VOSSO OOOOCOAINMNONONOLO OO0V

Jim W&.i}kins, Buﬂhips; COde 560E $ 3250 C9000@®0SOO0COSSO000O0UV

Royal Weller, Naval Air Missile Test Canter, Point
Mllgu' Calirornia ® O 50 00 8IVOO OSSOSO OSSO0 EOODOO0OS PO OOOSNTOO

Mr. S. Edward Dawson. GCode 216, David Taylor Modei Basin,

waShinE;torl 25, D- Co GOV PP LY LS IN00000RCO0CO 00000000000

Mr. A. E. Schmid, ¢/o Magnetlc Devices, Magnavox Company,

Bueter Road, Ft. Wayne, Indianf ...cccvccesecooccossscss

Mr., E. V. Welr, Magnetics, Inc., E. Butler, Pennsylvania..

Senior Naval Liailson Officer, U. S. Navy Electronics

H.

Liaizon Office, Fort Monmouth, New Jersey cc.cccecccece

J

M. Roseman, RCA Victor Division, Cemden, WNew Jersey ...

F., 3. Malick, Air Arm Division, Westinghouse Electric

Corp., Friendship Airport, Baltimore, Maryland ccosacoc

H. M. Zenor, Internationsl Instrument, Inc., 2032 Harold,

Houston’ Texas @G>0 A28 S (CNDS OO0 600D OCO0O0DHDLEROIOECCOBOOORSOOY

Dr. R. A. Ramey, Vestinghouse Electric Corp., 7325 Pennu

Avenue, Pittsburgh 8, Pennaylvania ...cccecocorsosossse

L. W. Stammerjohn, Bell Telephone Iaberatories, Whippany,

law

AuNe se

tlersey 00 3330000000060 OOSCOOL SOV LPHDPLWICIOI>NLTOSOIO0I O

Mr. W. J. Brachman, Norden lahoratoriea, Inc., 121

Westmoreland Avenue, White Plains, MNew ¥York .c.occeeece.

Dr. Aifred Kraisz, North American Aviation, Inc., 12214

I.ake‘qood BO!llevaI'd, DOWI.G‘y, California ¢ 000G COANISOS O

Robert 1. Ogram, Navy Electronics Jsboraiory, San Diego,

California .

0 PBODUES PSS OICOP OO0 IS VPCOCQROIOOCOBOOOSVOV NS

James R. Walkexr, Wayne Engineering Research Institute,

655 Merrick Avenue, Detroit 2, MIChigan cveccovococenss

Rk o}

o N

N

]

(Y

m

+4]




——

R TP i o TRV Y, 11 PN TR UYL

- e

NAVORD Report 2719

DISTRIBUTION (cont'd. )
Coples
W. J. Dornhecefer, Chief Engr., Regulatcr Eqgulpment Corp.,
55 MacQuesten Parkway South; Mt. Vernocn, New York .....

H. F. McKirney, Ford Instrument Company. 31 - 10 Thomscn
Avenue, lLong Island City 1. New York ..ccsscceccoecaceec 1

H. M. Ogle. General Eiecixle Research laboratories,
The Kn0118, Schenect&dy, l‘a‘;}' YOI‘k #2090 0G0C0P00C00VOONNCS 1

Commanding General, Wright Air Development Center, Wright-
Patterson Air Fowce Base, Dayton, Ohlo, Attn: WCESD5..

e

Commanding CGeneral, Wright Air Development Center, Wright-
Patterson Air Force Base, Daytomn, Ohloc, Attn: WCERG2 .. 1

Commandi=ng Genera', Wright Alr Development Center, Wright-
Patterson Air :orce Beose, Dayton, Ohlo, Attn: Mr. R. M.
wundt" chlGD"a .0.0..0.00\733.0.0000900.....Ovﬁ00000000001

E, V. Mason, Coavair, @.ll.D., Computer Group, Pomcna,
california aooou::oe‘:oooooooooo.ooooooooooooooooo.ooooool

R. T. Silberman, Electronics and Guidance Sectlon, Convair,
San Dleso, Californla O ® 60 0e®0 000 S® 060G %0008 0000000000 0OSE 1

Mr. W. R, Ahrendt, Ahrendt Instrument Company, 4910 Calvert
Road CO].lege Park M&‘"yland ® 90 P9POC O« 0O0®O>000®00C0CC 20000000 J.

Professor G. C. Newton; Jr.. Servomechanisms Laboratory,
Bldg. 32, Massachusetts Institute of Technology,
Cambiridge 39. MasgachuSett8 ..coececoossoccococoancecssces 1

Mr. Clare McGillam, Kadar Division, Naval Ordnance Plant,
Indianapolie, Indiana cecceoecvececocccecns

S A O0NO®S©000COSE SO0 1



S | I | ! l | f ’ | ﬂ '

rmed oervices fechnical information gency
Because of our limited su;;ply, you are reguested to return this copy WHEN IT HAS SERVED
YOUR PURPOSE so that it may be made available to other requesters, Your cooperation

will be appreciated.

- NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA
)| ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED
| GOVERNMENT PROCUREMENT OPERATION THE U. S. GOVERNMENT THEREBY INCURS
| NO RESPONSIBILITY, NOR ANY OBLIGATIONX N WHATSOEVER; AND THE FACT THAT THE
- GOVERNMENT MAY HAVE FORMULATED, FURNISHED OR IN ANY WAY SUPPLIED THE
SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY
IMPLICATION OR OTHERW .SF‘ AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER
~ PERSON OR CORPORATION, OR CONVEYING ANY. RIGHTS OR.PERMISSION TO MANUFACTURE,
' USE OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO.

%

3 : Rzproduced by

DOCUMENT SERVICE CENTER
KHOTT BUILDING, DAYTOW, 2 0HI0




	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022

